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Dynamic Light Scattering (DLS) measurements were performed on colloidal suspensions of Laponite® at differ-
ent concentrations in the range Cw = (1.5÷3.0)%. The slowing down of the dynamics induced by aging wasmonitored by following the temporal evolution of autocorrelation functions at different concentrations towards
the gel and glass transition. Exploiting analogies with supercooled liquids approaching their glass transitions,
an Angell plot for the structural relaxation times was drawn. Finally, the fragility of Laponite® suspensions at
different concentrations, in different solvents, at two salt concentrations and with the addition of a polymer was
reported and discussed.
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1. Introduction
In the last decades the glass transition has been largely investigated in complex systems such as
molecular liquids and colloids [1, 2]. These studies have shown how the behaviour of these systems
and their dynamical arrest are characterized by several analogies. The glassy state can be obtained
driving them out of equilibrium by decreasing temperature T in the case of molecular liquids and by
increasing volume fraction φ or waiting time tw for colloidal systems. Changing these control parameters
the dynamics slows down enormously and a dramatic increase of the characteristic relaxation time (τ(T),
τ(φ), τ(tw)) is observed up to the glassy state.
The growth of several orders of magnitude of both structural relaxation time and viscosity with
decreasing temperature when the glassy state is approached, has been deeply investigated in supercooled
molecular liquids [3], and the rapidity with which these quantities increase has been quantified by the
fragility index m defined as:
m =
[
∂ log τ
∂(Tg/T)
]
T=Tg
, (1.1)
where τ is the relaxation time and Tg is the glass transition temperature. The “universal” Angell plot
that classifies supercooled molecular liquids in two classes of materials has been derived. In “fragile”
liquids, typically consisting of molecules interacting through non-directional, noncovalent interactions,
the relaxation time and viscosity are highly sensitive to changes in T with a super-Arrhenius (Vogel-
Fulcher-Tammann) behaviour:
τ = τ0eD¯/(T−T0), (1.2)
where T0 is the temperature at which τ diverges.
In “strong” liquids, typically characterized by three dimensional network structures of covalent bonds,
the above relation is simplified considering T0 = 0 and the systems have a much lower T sensitivity with
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an Arrhenius dependence:
τ = τ0eD/T (1.3)
with the constant D equal to E/kB where E is the activation energy and kB is the Boltzmann constant [4].
This unifying concept describes and classifies the behaviour of supercooledmolecular liquids [3, 5, 6].
Moreover, a large variation in fragility as that observed in the T dependence of molecular liquids has
been also found in the case of the φ dependence of colloidal system [7]. In this case, the fragility of the
system can be externally tuned through the softness of the particles [8, 9].
Therefore, the possibility that the classification along a ‘strong’ to ‘fragile’ scale could be applied not
only to supercooled molecular liquids but also to any glass forming systems should be explored more in
detail. For this reason, in this work we revisit our previous data on Laponite® aqueous dispersions by
performing a new data analysis to evidence how this system behaves with respect to this universal glassy
system description.
The investigated system is a synthetic clay that dispersed in water originates a charged colloidal
system characterized by a strong anisotropy due to the shape of the nano-disc particles (with a 25:1 ratio)
and due to the inhomogeneity of the charges (negative and positive respectively distributed on the faces
and rims [10]) that determines a microscopic competition between directional attractive and repulsive
interactions. Laponite® peculiar phase diagram has been largely investigated both experimentally [10–18]
and theoretically [19–26]. The system spontaneously evolves towards different arrested states depending
on the clay concentration and ionic strength. In particular, in salt free water conditions, an equilibrium
gel [27] and a Wigner glass [28, 29] can be recognized at weight clay concentrations 1.0% 6 Cw < 2.0%
and 2.0% 6 Cw 6 3.0%, respectively. Moreover, at an increasing waiting time, a spontaneous glass-
glass transition from a Wigner to a Disconnected House of Cards (DHOC) glass stabilized by attractive
interactions has been found [30].
The aging evolution of dynamical properties of Laponite® has been broadly investigated through
different scattering techniques [30–37]. In particular, Dynamic Light Scattering (DLS) has been widely
exploited to probe the evolution of fast and slow relaxations as a function of waiting time (tw) [14, 33, 38–
43] in aqueous Laponite® suspensions. Moreover, DLS studies at different ionic salts [14, 17], adding
polymers [44–46] and in different solvents such as D2O [47–49] have been performed to investigate their
effects on the systems.
2. Materials and methods
2.1. Sample preparation
Laponite® is a synthetic layered silicate with chemical structure of the unitary cell constituted by
six octahedral magnesium ions sandwiched between two layers of four tetrahedral silicon atoms groups,
obeying the empirical molecular formula Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]−0.7 [50]. The unitary cell is
repeated around 1500 times in two dimensions to form each Laponite® disc with a diameter of 25 nm
and a thickness of 1 nm [10]. The substitution of magnesium ions by lithium ions in the octahedral sheet
originates a negative charge of −0.7e in a unit cell. These elementary charges are uniformly distributed
over the surface of Laponite® discs and, therefore, the dissociation of OH− ions from the rims raises the
pH of the solution and leads to their positive charge [51]. Thus, the suspension is composed by nanosized
discs with inhomogeneous charge distribution: negative on the surface, around several hundred unit
charge e, and positive on the rims, ten times lower for a salt-free system, as in our case [17, 31, 51].
The samples at different weight concentrations in the range 1.5% to 3.0% were prepared, following
the detailed protocol described in [10]: The oven-dried Laponite® RD manufactured by Laporte Ltd was
dispersed under stirring for 30 minutes in ultra pure deionized water (Cs ≈ 1 × 10−4 M). Soon after
stirring, the system was filtered through a 0.45 µm pore size Millipore filter. The origin of the waiting
time (tw = 0) is the time at which the suspension is filtered and sealed in glass tubes with 10 mm of
diameter for DLS measurements. All the procedure has been carried out in a glovebox under N2 flux to
prevent CO2 contamination.
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2.2. DLS measurements
DLS measurements were performed with a five angles setup. A solid state laser with wavelength
λ = 642 nm and power of 100 mW is focused in the center of a cylindrical cuvette. Single mode fibers
collect the scattered light at five different scattering angles at around θ = 30◦, 50◦, 70◦, 90◦ and 110◦,
which correspond to five different scattering vectors, according to the relation Q = (4pin/λ) sin(θ/2),
where n is the refractive index of the solvent. Time autocorrelation functions are then simultaneously
computed at different Q by calculating the intensity autocorrelation function in the time range 10−6÷1 s
as:
g2(Q, t) = 〈I(Q, 0)I(Q, t)〉t〈I(Q, 0)〉2t
, (2.1)
where t is the delay time and 〈· · · 〉t denotes the time average. This technique permits to explore both fast
and slow relaxations in Laponite® suspensions.
3. Results and discussions
The slowing down of the dynamics induced by aging in Laponite® approaching the gel and glass
transition has been monitored by following the evolution of autocorrelation functions with waiting
time at different concentrations in the range Cw = (1.5÷3.0)%. In figure 1, the normalized intensity
autocorrelation functions as obtained through DLS are reported, as an example, for a high concentration
sample atCw = 3.0% and T = 298 K. By increasing tw, correlation curves slow down and become a more
and more stretched, typical signature of aging. For the longest investigated waiting time (tw = 325 min),
there is a qualitative change in the correlation function with an evident crossover from a complete to
an incomplete decay to zero that indicates a strong ergodicity breaking due to the formation of a glassy
state. Figure 1 also shows that the correlation functions present a two step decay. This behaviour has been
attributed to the presence of two different relaxation processes: a fast or microscopic relaxation related to
the interactions between an atom and the “cage” of its nearest and a slow or structural relaxation associated
with the structural rearrangements of the particles. It has been observed in several systems ranging from
simple monoatomic liquids [52] to hydrogen bonds liquids [53–55], to glass-former systems [56].
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Figure 1. (Colour online) Normalized intensity autocorrelation functions vs delay time t, for Laponite®
aqueous suspensions at weight concentration Cw = 3.0% at T = 298 K, at increasing waiting time
from tw = 11 min (black symbols) to tw = 325 min (violet symbols) and at a scattering vector Q =
1.8 × 10−3 Å−1 corresponding to a scattering angle θ = 90◦. Full lines superimposed to symbols are fits
obtained through equation (3.1).
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In order to describe this two step decay, we used a fitting expression that is the squared sum of an
exponential and a stretched exponential function [40]:
g2(q, t) − 1 = b
[
ae−t/τ1 + (1 − a)e−(t/τ2)β
]2
, (3.1)
where b represents the coherence factor, τ1 is themicroscopic relaxation time, τ2 is the structural relaxation
time and β is the shape parameter that together with τ2 describes the slow part of the autocorrelation
function. The fits are shown as full lines in figure 1.
To characterize the slowing down of the dynamics towards the gel and glass transition, we focus on
the behaviour of the parameters related to structural relaxation, namely τ2 and β which permits to define
the “mean” relaxation time τm according to the relation:
τm = τ2
1
β
Γ
(
1
β
)
, (3.2)
where Γ is the usual Euler gamma function. The dependence of τm on the waiting time is reported in
figure 2 for aqueous Laponite® suspension samples with increasing concentration. The sharp growth
observed clearly evokes the typical behaviour of supercooled liquids rapidly quenched below their glass
transition temperatures Tg. For these systems, the structural relaxation time τ2 shows a Vogel-Fulcher-
Tammann (VFT) behaviour:
τ2 = τ0em/(T−T0), (3.3)
whereT0 sets the apparent divergence of the structural relaxation and m is the Fragility index. The evident
analogy between colloidal and supercooled systems suggests that the waiting time plays the same role of
inverse temperature. In this context, the fitting function for the “mean” relaxation time τm can be written
as:
τm = τ0emtw/(tw∞−tw), (3.4)
where τ0, m, and tw∞ are fitting parameters, in particular, tw∞, as T0 for supercooled liquids, sets the
divergence of τm associated with the formation of an arrested state: at the beginning, the sample is liquid
and then, with time, the viscosity strongly increases until an arrested state is reached and the sample does
not flow anymore if turned upside down. Figure 2 clearly shows that the mean relaxation time is strongly
dependent on the clay concentration. In this frame, similarly to a glass transition temperatures Tg and
following the definition proposed by Angell for supercooled liquids, one can define the glass transition
Figure 2. (Colour online) Mean relaxation time τm defined through equation (3.2) for aqueous Laponite®
suspensions at different clay concentrations in the glassy state Cw = 2.0%, 2.5%, 2.8% and 3.0%, and in
the gel state Cw = 1.5% and 1.8%, at T = 298 K and scattering vector Q = 1.8 × 10−3 Å−1. Solid lines
represent the best fits through equation (3.4).
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Figure 3. (Colour online)Angell plot for aqueousLaponite® suspensions in the glassy state forCw = 2.0%,
2.5%, 2.8%, 3.0% and in the gel state Cw = 1.5% and 1.8%. Symbols and full line, obtained through
the fits with equation (3.4), represent the typical behaviour of fragile glass formers while the dashed line
represents the behaviour of strong systems.
time tg as the time at which τm = 100 s for each Laponite® concentration. Properly normalizing the
relaxation times of figure 2, we obtained an Angell plot for Laponite® shown in figure 3. Our data
collapse into two master curves with two different growths: one corresponding to samples that undergo
a transition toward the glassy state (Cw = 2.0%÷3.0%) and the other ones to samples undergoing a
transition toward the gel state (Cw = 1.5% and 1.8%). Both curves show the same behaviour expected
for fragile supercooled liquids while the dashed line corresponds to strong glass formers behaviour.
From the fits through equation (3.4) we obtained the fragility index m reported in figure 4, it shows
a step behaviour assuming values almost constant below and above Cw = 2.0%. This highlights that m
is not dependent on the specific Laponite® concentration but only depends on the sample final state,
Figure 4. (Colour online) Fragility index (m) obtained from the Angell plot as a function of Laponite®
suspensions concentration ranging from the gel to the glassy state. Fragility values have been reported for
Laponite® in salt free water (squares) and deuterated water (circles), at two different salt concentrations
CS = 10−3 M (up triangles) and CS = 2 × 10−3 M (down triangles) and in presence of Poly ethylene
oxide (PEO) at CPEO = 0.37% and Cw = 2.0% (exagons).
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gel or glass. Our data are in good agreement with the results reported in [43] in the high concentration
range Cw > 2.0%. Moreover, in figure 4 fragility for aqueous Laponite® in salt free water (squares) is
compared with fragility values found in deuterated water (circles) from [48], in water at two different
salt concentrations CS = 10−3 M (up triangles) and CS = 2 × 10−3 M (down triangles) from [14] and
in presence of Poly Ethylene Oxide (PEO) at CPEO = 0.37% in the case of a sample at Laponite®
concentration Cw = 2.0% (exagons) from [46]. One can observe that, despite the change of solvent, the
addition of salt or the presence of a polymer like PEO that can fasten or slow down the aging dynamics,
what really matters to identify the fragility of the system is the final state reached by the sample.
4. Conclusions
In this work we revisited our previous data on Laponite® aqueous dispersions by performing a new
analysis to evidence analogies with supercooled liquids approaching their glass transitions. In particular,
the slowing down of the dynamics induced by aging was monitored by following the temporal evolution
of autocorrelation functions measured through DLS. Colloidal suspensions of Laponite® at different
concentrations in the range Cw = (1.5÷3.0)% were investigated and the structural relaxation times
reported as a function of the waiting time. Making a parallelism with the glass transitions in supercooled
liquids, a glass transition time tg was defined and an Angell plot drawn. Finally, if changing concentration,
solvent, salt content or adding a polymer could fasten or slow down the aging dynamics of Laponite®
suspensions, what really matters to identify the fragility of the system is the final state reached by the
sample.
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Перехiд в стан гелю та скла в крихких колоїдних суспензiях
Р. Анджелiнi1,2, Дж. Руокко3,2, Б. Рузiцка1,2
1 ISC-CNR, I-00185 Рим, Iталiя
2 Фiзичний факультет, Унiверситет Риму “Sapienza”, I-00185, Iталiя
3 Центр нанонаук про життя, IIT@Sapienza, Iталiйський iнститут технологiй, 00161, Рим, Iталiя
Вимiрювання динамiчного розсiювання свiтла були проведенi на колоїдних суспензiях Лапонiту® при
рiзних концентрацiях в областiCw = (1.5÷3.0)%. Сповiльнення динамiки, iндуковане старiнням, монiто-рилось через часову еволюцiюавтокореляцiйних функцiй при рiзних концентрацiях в напрямку переходу
в стан гелю та скла. Використовуючи аналогiї з переохолодженими рiдинами при наближеннi до їх пере-
ходу в стан скла, був намальований графiк Анджела для часу структурної релаксацiї. Повiдомляється та
обговорюється крихкiсть суспензiй Лапонiту® при рiзних концентрацiях, в рiзних розчинниках, з двома
концентрацiями солi та з додаванням полiмеру.
Ключовi слова: перехiд в стан скла, колоїди, Лапонiт®, гелi, крихкiсть
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